A computer code predicting the flows through the centrifugal compressor with the radial vaneless diffuser was developed and applied to investigate the detailed flowfields, i.e., secondary flows and jet-wake type flow pattern in design and off-design conditions. Various parameters such as slip factors, aerodynamic blockages, entropy generation and two-zone modeling which are widely used in design and performance prediction, were discussed.
INTRODUCTION
Centrifugal compressors are widely used to achieve high pressure ratios per stage and the system results in compact and lightweight design. The flow through the rotor is complex due to growth of boundary layers and separation on blade surfaces, the formation of secondary flows due to rotation and passage curvature and tip leakage in the impeller passages. Resulting jet-wake formation is associated with high viscous losses and affects the operating range of the rotating impeller and the diffuser downstream. To improve the aerodynamic performance of centrifugal compressors it is necessary to suppress the separation and wake formation maintaining high level of diffusion within the impeller. It is essential to understand the flow structure to achieve these objectives within the passages.
A lot of parameters such as slip factors, flow blockages and entropy generation etc., are used in the design and performance prediction process. The main purpose of the present work is to investigate through flows and estimate such parameters with the three-dimensional flow calculation.
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The flow calculation was carried out using a three-dimensional, finite volume, pressure correction method, with a two-equation k-e turbulence model, for the solution of the time-averaged Navier-Stokes equations in a rotating frame of reference. The discretized equations for the physical covariant velocity components were obtained by an algebraic manipulation of the discretized equations for the Cartesian velocity components.
The performance of the code was verified using the measured data for the Eckardt backswept impeller. Eckardt (1980) performed detailed measurements, using a Laser-2-Focus velocimeter, in the high-speed backswept impeller.
GOVERNING EQUATIONS
The conservation equations for mass, momentum and energy which govern the steady, viscous and compressible flow, expressed in a Cartesian coordinate system in a rotating frame of reference, are given as follows: 
METHOD OF CALCULATION
Calculations are carried out in a non-orthogonal curvilinear coordinate (, r/, () system. The discretized equations are obtained using a finite volume method (Karki and Patankar, 1988) . A staggered grid arrangement is used. The scalar variables are located at the geometric center of a control volume, while the physical covariant velocity components u., u, and u are located on the mid-points of the control faces. A power law differencing scheme is employed to evaluate the combined convection-diffusion fluxes on the control surfaces. The physical covariant velocity components, which are directed along the coordinate lines, are used as the dependent variables in the momentum equations. The discretization is performed using Cartesian velocity components in a locally fixed coordinate system (Karki and Patankar, 1988 SIMPLER (Patankar, 1980) scheme using the full momentum equations. Density at a control volume face is always upwind-biased. This allows the computation of transonic and supersonic flows.
A cyclic TDMA (Ramamurti et al., 1988 ) is used to obtain numerical solution of the discretized equation. Convergence is assumed when the maximum relative error of the pressure field is less than 10-4.
RESULTS AND DISCUSSION
The data published by Eckardt (1980) The results of the present calculation were compared with the measured data and the flow characteristics were also discussed in comparison with the given data. The geometry data were obtained from Schuster and Schmidt-Eisenlohr (1980 The circumferentially averaged static pressure distributions calculated on the shroud are compared with the time-mean measurements and other calculations at the design and near choke flow rates in Fig. 3(a) and (b) . Quasi-three-dimensional calculation with an empirical loss model by Schuster et al. (1980) 
Mean Velocity Field
The calculated through-flow development of the backswept impeller is presented in Fig. 4 for three flow rates. The measured data at the design flow rate are also shown for direct comparison. The plots show the meridional component of the absolute velocity, referred to the impeller tip speed. The planes I and II are in the axial inducer region, the planes III and IIIa are in the axial to radial region and the planes IV and V are close to the impeller exit. In the axial inducer region, the velocity distributions develop regularly at the design and near the choke flow rates. However, the flow separation near shroud/suction side at the plane I and shroud/pressure side at the plane II were shown at the near stall flow rate.
In the axial to radial region, the velocity distributions at the near stall flow rate show that the lowmomentum fluid region is spread wide over the shroud region at the plane III and moves to the shroud/suction region at the plane IV. Considering the design flow rate, the flow distortion starts near this wake flow pattern is also observed in the measurement data. The pattern of the lowmomentum wake generation is not so clearly seen at the near choke flow rate as at the design condition but the wake region is also located in the shroud/suction side at the plane V. Figure 5 shows the velocity distributions at the measurement planes I-V on the blade-to-blade surfaces near the shroud, at the mid-channel position and near the hub for the design flow rate. The present viscous flow calculation and quasithree-dimensional calculation results show excellent agreement at the mid-channel position and near the hub surfaces through all the planes.
However, considering the near shroud surface, the present calculation simulates the wake formation very well from the plane IIIa to the plane V but the quasi-three-dimensional method fails. The low momentum wake region already starts at the plane III for the present calculation, which is guessed to be between the plane III and IIIa in the measurement, and the wake depth is slightly underpredicted at the planes IV and V. The velocity distributions at the near choke flow rate are compared with experimental data and the quasi-three-dimensional calculation in Fig. 6 . Both methods predict the velocity distribution very well in the potential core region. The wake flow pattern is not simulated by the quasi-three-dimensional method near the shroud region after flow separation. The present calculation results do not simulate the incipience of a separation zone near the shroud suction side of the blade at the planes III and IIIa. However, the complex jet-wake structure is predicted very well at the planes IV and V.
Secondary Flow and Jet-Wake Formation
Simulation of the through flow shows the mechanism how the rotation and curvature contribute to the formation and movement of the jet-wake flow pattern within the impeller. Streamwise vorticities and secondary flows develop when a shear or boundary layer is subjected to centrifugal and Coriolis forces. The relative magnitude of these two contributions is defined by the Rossby number (R0--W/coRn). The blade curvature induces the secondary flow in the inducer region and the shroud and hub curvature induce secondary flow in the axial to radial bend. Rotation induces the secondary flow in the radial section of the impeller downstream. For the backswept impeller, the Coriolis-induced secondary flow is usually opposed by the secondary flow generated by the backswept blade curvature.
The secondary flow is defined as the departure of the local relative velocity vector from the local streamwise direction. If the ideal flow follows the local blade direction in the B-B planes and local streamwise grid direction in the H-S plane, the components of secondary velocity vectors are zero. According to the above definition, the velocity vectors of the secondary flow at the measurement planes IV and V are shown for three operating flow rates in Fig. 7 . The contours in Fig. 7 are the predicted meridional velocity components (Cm/U2).
The migration and accumulation of low momentum fluid in the boundary layer and the wake can be illustrated by the secondary flow motion through the impeller. To describe the secondary flow development and the wake formation, it is useful to define dimensionless rotary stagnation pressure as p, P* Pnin Rossby number becomes small (in case of R0-0.48), the strong Coriolis force moves the stable location of the wake from the shroud to the suction surface and inertia of the strong secondary flow pushes the wake further around the hub side. In the present predictions, the Rossby numbers at the plane IV are 0.66 for the near stall, 0.84 for the optimum and 1.48 for the near choke flow rates, respectively. For the design flow rate, migration of vortex along the shroud to the suction side is enhanced by the Coriolis forces due to the rotation at the plane IV. However, the secondary motion over the shroud is less than that of the radial impeller due to the blade backswept curvature. The low P fluid from two secondary flows, i.e. over the suctionshroud surfaces, collides in the shroud/suction side corner and makes the wake region. The final location of the wake locates at the shroud/suction corner at the plane V.
For the near choke flow rate, the Rossby number is large and the secondary flow due to Coriolis force is rather small, so that the vortex pattern near the suction side plays a dominant role compared to the stall and design flow rates. The low P* fluid collides over the shroud (y/t 0.6-0.7) at the plane IV and APPLICATION OF THROUGH-FLOW CALCULATION 27 the wake region locates at the same position. As the flow rate increases, the flow inertia becomes large. The increasing inertia of high flow rates tends to maintain the flow direction, so the secondary flow pattern between the planes IV and V becomes more similar as the flow rate increases.
Slip Factor
The slip factor is a piece of information im.portant to the compressor designer, of which accurate prediction enables the energy transfer between the impeller and fluid to be estimated. Many models have been suggested in the past as a function of blade numbers, flow coefficients, blade angles, etc. The flow pattern at the impeller exit is quite complex due to the development of the secondary flow through the impeller, so that the slip or deviation angle distributions may also be difficult to obtain in the experiment. Figure 9 shows the variation of the slip factor with the flow coefficient. As shown in Fig. 7 , the increased inertia of a high flow rate keeps the flow to maintain the strength of the secondary flow up to the impeller exit. Therefore, the effects of the backsweep on the flow at the high flow rate become small. The deviation angle reduces at the impeller exit and the slip factor increases with the flow rate.
Blockage Factor and Entropy Generation
An aerodynamic blockage is usually defined based on the displacement thickness of the boundary layer in the external flows. However, it is difficult to define the boundary layer thickness on the impeller because of the non-uniformity of the flow. Zangeneh (1993) defined the extent of the flow non-uniformity in the ratio of the area (pitchwise) averaged meridional velocity to the mass-averaged meridional velocity. The aerodynamic blockage distributions in the meridional plane and the blockage development through the impeller for Eckardt (1980) impeller are shown in Fig. 10 . The blockage is mainly generated near the shroud from the axial to radial bend at the design flow rate. The blockage grows from the plane I to IIIa due to the blade to blade velocity difference, i.e. the blade loading. After the plane Ilia the blade loading reduces and the non-uniformity of the jet-wake flow increases, so that the blockage remains nearly constant down to the impeller exit. The jet-wake flow pattern mixes out in the vaneless diffuser region downstream of impeller exit at plane VI (R/R2 1.077) and the blockage decreases.
For the near stall flow rate, the blockage becomes large at the impeller inlet, especially over the shroud The loss mechanism aspect is strongly threedimensional. One of the important and interesting parameters related to the amount of the loss is the entropy generation. The gradient of an entropy is also used as the source of vorticity and plays an important role in describing the loss mechanisms through the impeller.
The mass-averaged entropy distributions on the meridional plane and the development through the impeller are shown in Fig. 11 . The variation of the entropy generation rate is quite similar to that of the blockage. The values of the entropy for the near stall flow rate are large at the plane I due to wall due to the leading edge separation. The shroud blockage region is wider than that for the design flow rate. After the plane III, the blockage decreases over the plane IV according to the recovery of the separation region and increases again at the impeller exit (plane V). The flow for the near choke flow rate is quite stable and the blockage distribution is small everywhere except the small region near the shroud in the axial to radial bend. The mass-averaged blockage increment from the plane I to III depends on the blade loading. 
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the inlet shroud separation. For the design flow rate the entropy gradually increases from the inlet to the exit and are quite stratified from the hub to the shroud at the impeller exit. For the high flow rate the entropy generation from the plane I to II is definitely higher than for the other flow rate due to the rapid change of loading. The mass-averaged value of the entropy at the impeller exit shows the highest value for the near choke flow rate, which indicates the lowest value of efficiency shown in Fig. 2 .
Review of Jet-Wake Model
The design and performance prediction method with the jet-wake model was proposed by Japikse (1985) . The (a) The jet, although it contains lower losses than the wake, is not isentropic and must be corrected with polytropic efficiency; (b) The flow in the wake zone is not congruent with the blading and must be applied with Cuzw F,w * C,2j,
where F,w is the circumferential velocity factor for the wake zone.
The original jet-wake theory is based on the conceptual two-zone model (primary and secondary zones). The boundary of the two regimes does not physically exist; the model indicates only that there is an isentropic core flow and that all the non-isentropy of the flow concentrates in the secondary flow regime. However, Rohne and Banzhaf (1991) defined the wake zone where the local value of the meridional component of velocity is less than 90% (DFw=0.9) of the global mean value. Therefore the properties in the jet and wake zones in the two models are different from each other. The capability of predicting the mixed-out conditions and the parameters in the two models were investigated using predicted values in the present calculation.
The distributions of the entropy at the impeller exit for the three flow rates are shown in Fig. 12 . This calculation shows that only the small region of the isentropic core could be found at the impeller exit. A relatively high entropy region (wake region) resides near the suction side for the near stall flow rate and over the shroud/suction corner for the design and choke flow rates. The calculation verifies the first assumption, by Rohne and Banzhaf (1991) . Table I ). When the predicted values of total temperature and total pressure at the impeller exit in the present three-dimensional calculation are used, the mass fraction and slip factor can be obtained using two models (0.564 for the original model and 0.16 for Rohne and Banzhaf (1991) model). Rohne' s model with F,w 1.1 shows the best prediction of the wake absolute tangential velocity component with that of the three-dimensional calculation. Figure 14 shows that both models unusually over-predict the mass fraction in comparison with 0.15-0.25 for the original jetwake model and 0.13-0.14 for Rohne and Banzhaf (1991) Rohne(1991) u FIGURE 13 Comparison of jet-wake and mixed-out velocity vectors (with proposed input wake mass and area fraction): (a) jet-wake model from Japikse, and (b) jet-wake model from Rohne. Calculation with jet-wake-model jet-wake-model according to Japikse (1985) according to Rohne (1991 Reasonable pre-input of the secondary mass and the area fractions in the two jet-wake models are critical for the accurate performance prediction. Figure 15 shows the effects of the parameters on the predicted values of total pressure and temperature. The dashed lines denote the total conditions at the impeller exit in the present calculations. The models can be investigated and improved using the CFD technique in the future. 
CONCLUSIONS
(1) The present CFD code correctly predicts the pressure ratio, total temperature increase and efficiency of the centrifugal impeller over a wide range of operating condition from the near surge to choke flow rates.
(2) The predicted flow development through the impeller is in good agreement with the measured data. (5) The distribution of entropy generation is strongly three-dimensional and correlated with the passage blockage.
(6) The mixed-out velocity vectors by the present three-dimensional flow prediction are in good agreement with the values from the two jetwake models except small differences in the calculated total conditions at the impeller exit.
However, unusually large values of the mass fraction should be used in the two jet-wake models to match the calculated total temperature and pressure at the impeller exit.
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